PHYSICAL REVIEW A VOLUME 51, NUMBER 6 Vibrational-state-dependent decay of the CO C(1s) excitation JUNE 1995 N. Saito, * F. Heiser [1] .Vibrationally resolved spectroscopy allows detailed studies of the vibrational and geometrical properties of core excited molecules. In particular, it should be possible to use the vibrational structures as a local probe of molecular vibrations. All this information has been solely based on the analysis of absorption or photoionization spectra, both representing the total ionization cross section. Partial cross sections and fragmentation-specific ion yields were also studied extensively in the core-level region, but not with vibrational resolution [2, 3] .
It was assumed that the relative intensities of the partial and total yield measurements would not vary because of the high energy released in the core excitation. Furthermore, owing to the dominance of dissociative ionization in the corelevel region, little attention was drawn to the nondissociative ionization channels, in particular for Rydberg excitations. These excitations decay predominantly via spectator transitions into two-hole one-electron final states because of the small overlap between the Rydberg electron and the 1s hole [4] . The potential curves of these states were assumed to be basically of repulsive nature, quenching the production of unfragmented molecular ions such as CO and CO . Previous core-level photoionization studies performed on CO [2, 3] did not observe indeed any clearly enhanced CO+ and particularly CO + signal in the partial ion yield of Rydberg excitations, corroborating the assumed complete fragmentation of the Rydberg excited molecules. We show in this Rapid Communication that, in contrast to this, nondissociative ionization also takes place in the decay of Rydberg excitations. Moreover, in the case of CO this nondissociative ionization channel displays a vibrational intensity pattern, which differs dramatically from that of the dissociative channels and total ionization yield. We explain the existence of these nondissociative channels through population of meta- The first studies on the vibrational structure of core excitations in small molecules were performed using electron energy loss spectroscopy, e.g. [5] . The breakthrough in studying these phenomena via photoionization came after the development of high-resolution soft-x-ray monochromators [1] . Following the first pioneering experiments [6] , new beamlines with similar resolution and to some extent higher photon flux [7, 8] came into operation, extending the vibrationally resolved studies, in particular for CO [9, 10] . The results showed the validity of the equivalent core model, which considers the electronic structure of a core excited molecule (CO, Nz) as being equivalent to that of the corresponding valence excited molecule with a nuclear charge of Z+ 1 (NO). Only one major discrepancy remains, and this is that none of the nso. states with n)3 of CO are visible, whereas these states are clearly exhibited in the N2 excitation spectrum. This is in marked contrast to the npm states, which appear almost at the same position in the core excitation spectra of these two molecules. Despite the achieved improvements in resolution and photon ftux, vibrationally resolved studies have still been restricted to absorption or total yield measurements, supplemented by electron spectrometry measurements at selected photon energies [11] .Other measurements determining vibrationally resolved partial ionization yields across core excitations have not to our knowledge been reported.
Our experiments were performed at beamline BW3 of the Hamburger Synchrotronstrahlungslabor (HASYLAB) of DESY [12] .This beamline is a triple N-pole of charged particles in coincidence, independent of their charge state and initial kinetic energy. The flight times of the ions were measured with respect to the bunch marker of the storage ring, which was operated in a double-bunch mode with a time window of 480 nsec, yielding intrinsic branching ratios of fragment ions. The spectrometer was set at an angle of 54. 7' with respect to the electric vector of the photon beam in order to remove the effect of anisotropic fragmentation in the peak shapes [13] .The background pressure was better than 3 X 10 mbar during the measurements. The details of this TOF mass spectrometer will be described elsewhere [14] . In order to avoid possible distortions of the scans, all coincident and noncoincident ionization channels (23) were measured simultaneously during one photon energy scan, including the monitoring of the background in the time spectra. This capability is crucial for the comparison of photon-energy-dependent details in the different spectra. In order to examine the possible final states of the decaying Rydberg excitations more closely, the ion yield measurements were supplemented by a threshold photoelectron spectrum in the inner-valence region taken as described in a previous publication [15] . The figure shows that, despite the large variation in relative counting rate covering more than three orders of magnitude, the relative line intensities in most of the dissociative ionization channels are indeed quite similar. Our results confirm the predominance of the C+ and 0+ dissociation channel, as already inferred from the sum of all vibrational components in the lower-resolution measurements [2, 3] . The observed branching ratios are in good accord with the most recent low-resolution measurement [3] ; however, the present measurements reveal many more dissociative and nondissociative channels than observed before, most of them still awaiting a theoretical explanation. Here we will concentrate on the behavior of the nondissociative channels. These differ markedly from the rest of the ionization channels, which behave mostly in accord with the total ionization yield. The nondissociative ionization channels yielding CO+ and CO + molecular ions show a vibrational pattern in the
Rydberg excitations that appears partly inverted when compared to the total ionization yield. Furthermore, additional Rydberg series seem to appear. To examine these differences sorption strength. Consequently, if one considers the possibility of selective depopulation via curve crossings these variations must depend on the behavior in the final states.
The final states of our resonant Auger process are two-hole one-electron states in the binding energy range of the innervalence states, a region characterized by the breakdown of the molecular orbital picture and dominated by repulsive energy curves. However, despite the predominance of dissociative behavior in these states [18] [20] . In order to examine these states also at their production threshold a comparison is made with a threshold photoelectron spectrum taken in the photon energy region of the corresponding binding energies. Figure 4 shows the high-resolution inner-valence PES spectrum along with the corresponding TPES spectrum. The analogy is obvious, showing that these states are populated from threshold over a wide energy range. However, both spectra
show also the degeneracy of these states with very broad [16] and Iwata et al. [17] . CO+(n'X' 'n "k" ', nl)t. )+e the observed variations in the vibrational patterns of these excitations can be explained easily in terms of interacting final states of the decay process, in particular between dissociative and nondissociative final states. The coexistence of metastable and repulsive potential curves in a certain energy range gives rise to curve crossings and avoided curve crossings. These are both a potential source for vibrational redistribution between dissociative and nondissociative channels via selective depopulation of certain channels, as observed in our partial-ion-yield spectra. These effects may be expected to be exhibited in the Rydberg excitations of other molecules with a similar complex inner-valence structure such as N2, 02, and NO; however, it is still unclear whether this delicate balance between metastable and repulsive final states is a more general phenomenon of the inner-valence region of those molecules or a characteristic feature of CO because of the particularly pronounced breakdown of the orbital picture in this molecule.
In summary, we have reported on vibrationally resolved partial-ion-yield measurements covering relative intensities over more than three orders of magnitude in the C(1s) core excitation region of CO. Our results show clearly the existence of nondissociative ionization channels for the different Rydberg series that exhibit unexpected variations in their vibrational patterns. The most dramatic difference compared to the absorption spectrum is for the CO+ partial ion yield in which the missing 4so. series becomes apparent. The intensity variations are explained by interacting dissociative and nondissociative final states of the subsequent resonant Auger process. The vibrational levels for the nondissociative final states are selectively depopulated.
